Doppler echocardiography is the gold standard for assessment of diastolic dysfunction, which is increasingly recognised as a cause of heart failure, especially in the elderly. Using a combination of Doppler echocardiography techniques, it is possible to identify grades of diastolic dysfunction, estimate left ventricular filling pressures and establish the chronicity of diastolic dysfunction. These physiologically-derived measures have been widely validated against invasive measurements of left heart pressures and have been shown to be prognostically valuable in a wide range of clinical settings. This review explores the mechanisms, and approaches to the assessment of diastolic dysfunction in the elderly. The challenge for clinicians is to identify pathophysiological changes from those associated with normal ageing. When used in combination, and taking age into account, Doppler echocardiographic parameters are helpful in the assessment of dyspnoea in older patients and provide prognostic insights.
Introduction


The ageing of population has become one of the most challenging global public health issues as advances in medicine and socioeconomic development have been leading to improved life expectancy worldwide. [1] Due to the progressive growing of the elderly population and to the increasing survival from all forms of cardiovascular disease, we can expect that the development of diastolic dysfunction (DD) will also rise. This review discusses the physiological contributors to diastolic function, the role of cardiac imaging for the diagnosis of DD and the prognostic implications of DD in the elderly. The left ventricle (LV) has two sequential functions: systolic contraction and diastolic filling: both must be adequate in order to provide perfusion to the organs through forward cardiac output. Failure to maintain forward output and the consequent elevation of ventricular filling pressures are associated with symptoms of heart failure (HF). While systolic function is commonly assessed by measuring parameters of pump dysfunction, typically LV ejection fraction (LVEF), the evaluation of diastolic function remains challenging. Gold standards for diagnosing DD are measurements of LV diastolic pressure-volume relations and the rate of LV pressure fall during isovolumetric relaxation, usually recorded during cardiac catheterization. However, invasive methods are not feasible for daily clinical practice and Doppler echocardiography is routinely used for this purpose since Doppler measurements compare favourably with invasive measurements. [2] Doppler echocardiography is now commonly applied and accepted in a wide variety of settings as a reliable non-invasive tool to evaluate LV filling pressures and diastolic proprieties. [3] Doppler assessment of diastolic function should be an integral part of a standard echocardiographic examination, especially in patients referred with symptoms or signs of HF (mainly dyspnoea and peripheral oedema): in this set of patients, up to half of all them will be found to have an LVEF within the normal range (so-called heart failure with preserved ejection fraction, HF-PEF). [4] 2 Diastolic function assessment
The current echocardiographic approach to LV diastolic http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology function assessment aims to estimate the degree of LV filling pressure elevation. Alteration of LV relaxation is detected in hypertensive patients in association with LV remodelling, and it may be responsible for symptoms or signs of HF even when LVEF is preserved. [5] In the most recent European Society of Cardiology guidelines, HF diagnosis and therapeutic guidance is based on imaging, and the use of echocardiography is a Class I Level C recommendation due to its accuracy, availability and safety. [6] LV DD is thought to be the underlying pathophysiological alteration in patients with HF-PEF, and its identification is therefore crucial. [7] Noticeably, no single parameter is good enough to diagnose DD, and, in order to grade the severity of the diastolic filling pattern, a comprehensive evaluation of several echocardiographic measurements is required.
Mitral valve Doppler
The first step in assessment of DD by echocardiography is the mitral valve diastolic blood flow. The inflow velocity profile of blood moving down a pressure gradient from the left atrium (LA) to the LV can be used to characterize LV filling dynamics. Primary measurements include: the peak of early passive filling velocity (E wave), the late active diastolic filling velocity (A wave) which occurs in response to contraction of the atria, the ratio of early to late filling (E/A), and the deceleration time (DT) of the early filling E wave velocity. An additional index of diastolic function derived by mitral flow analysis is the isovolumetric relaxation time (IVRT), which is the interval from the end of the aortic ejection, signified as the closure of the aortic valve, to the onset of the mitral inflow, representing opening of the mitral valve. IVRT provides a good estimation of LA pressure and it becomes shortened when LV pressure is elevated, since the mitral valve opens in response to a high pressure gradient between LA and LV. [8] In addition to diastolic function, other conditions influence mitral inflow such as cardiac output, rhythm and heart rate. Moreover, a slower myocardial relaxation which occurs in the ageing heart is correlated with age-related changes in diastolic function, [9] as evidenced by reduced passive filling and more dependence on active filling (E: A < 1) and prolonged isovolumic relaxation and deceleration times.
Mitral annular tissue Doppler
More recently, the addition of tissue Doppler imaging to diastolic assessment through measurement of early diastolic velocity (e') using pulsed wave tissue Doppler imaging (TDI) of the mitral annulus has allowed clinicians to draw inferences about LV relaxation and to predict LV filling pressure. The myocardial fiber arrangement is complex and increasing evidence supports the importance of longitudinal systolic function and diastolic rebound in assessing myocardial relaxation. When used in isolation, both mitral E velocity and annular e' are impacted by stroke volume, but when used in combination with the mitral E wave velocity (E/e') good correlation with invasive LV filling pressures has been demonstrated. [2] At rest, septal e' and lateral e' are > 10 cm/s and > 15 cm/s in healthy individuals respectively, and they increase with exercise reflecting the ability to achieve a lower minimal LV diastolic pressure to increase early diastolic filling, while the impaired relaxation of the ageing heart is characterised by lower e' velocity, which remains depressed during exercise.
Left atrial size
The LA exerts a fundamental and somewhat independent physiological role in cardiovascular performance as a mechanical contributor to forward output behaving as a reservoir chamber and acting as a contractile pump for LV filling. The size of the LA provides essential information regarding the chronicity of the LV filling abnormalities and exposure to elevated filling pressures. In a young heart, the ventricle is compliant enough to respond to large pressure changes that occur during the cardiac cycle. In fact, even with normal physiology, the LV is exposed to the largest pressure change of all the cardiac chambers. The peak systolic pressure is equivalent to systemic blood pressure (range 100-140 mmHg) and after emptying, the LV pressure in diastole steeply decreases (normal range 3-12 mmHg). This pressure change is easily accommodated in a compliant heart, leading physicians to describe the LV in a young person as a "sucker" since the blood is almost sucked into the LV through rapid relaxation of the LV myocardium. But in an older and stiffer ventricle, the LV pressure rises rapidly, the LA is exposed to the increasing pressure of the LV during diastole when the mitral valve is open and, therefore, LA pressure must augment to maintain adequate LV filling. Left atrial pressure rise is facilitated through atrial contraction, and thus the LA plays a significant role in diastolic filling of the LV in older people. In an older heart, the LA transforms into a "pusher", literally pushing the blood forward into a non-compliant LV cavity that has lost its "sucker" attributes. [2] This leads to histological changes that result in progressive LA enlargement, in order to prevent direct transmission of pressure to the pulmonary circulation. LA dilatation is detected in different scenarios, from mitral valve disease to atrial fibrillation and, in terms of diastolic function evaluation, it has been demonstrated to be a marker of long standing pressure. [10] 
Pulmonary venous Doppler
In order to empty properly, the LA chamber must first fill efficiently. Filling is achieved through four pulmonary veins that are largely passive conduits for blood returning from the pulmonary circulation. Pulmonary venous (PV) blood flow, evaluated by pulsed wave Doppler, occurs in two phases that correlate with the systolic and diastolic phases of the cardiac cycle (peak systolic and diastolic PV flow velocity). [11] Blood flow to the LA is always along a pressure gradient from the PVs to the LA and in normal subject both phases are significant determinants of left heart filling, although most of the anterograde flow to the LA occurs when the LA pressures are lower during atrial relaxation. In ventricular diastole, the atrium acts as an open conduit through which blood flows directly from the pulmonary veins through the mitral valve into the left ventricle. This diastolic phase becomes the main determinant of atrial filling when the LA pressures increase. [12] There is a brief episode of retrograde blood flow from the LA to the pulmonary veins that corresponds to atrial systole, and the peak atrial reversal velocity (AR) and duration (AR dur ) of this flow are directly related to LA pressure. The pulmonary veins offer a path of lower resistance and therefore the degree to which this atrial reversal of blood flow occurs is a measure of elevated LV filling pressure. Moreover, an AR dur longer than 30 ms compared to A wave duration of the mitral inflow is predictive of an increased LA pressure.
[13]
Grading diastolic function
The combined analysis of the multiple parameters of diastolic filling can be used collectively to stratify degrees of DD in individual patients. One suggested approach describes the filling phase as grades: normal (grade 0), abnormal relaxation (grade 1), pseudonormal (grade 2) and restrictive filling pattern (grade 3) (Figure 1 ), which can be further classified as reversible or non-reversible with a preload reduction provocation. Assessment should commence with an instantaneous assessment of filling pattern (based on E/A ratio and deceleration time). Once mitral filling grade is established, this is this is followed by an estimate of filling pressure (E/e') and a measure of exposure (LA size). This approach ( Figure 2 ) provides a quick and comprehen- Normal range* e' = 6.214.6 cm/s e'/a' = 0.451.25
Pulsed wave tissue Doppler (lateral annulus)
Normal range* e' = 5.919.9 cm/s e'/a' = 0.41.7 sive assessment of the current and overall diastolic filling of the left ventricle. An impaired relaxation of the LV resulting in impaired early-diastolic filling is the main pathophysiologic feature of grade 1 diastolic dysfunction. Doppler LV inflow curve displays a reduced E velocity and early diastolic deceleration slope with an increased A velocity and a prolonged isovolumic relaxation time. The mitral annular TDI shows a reduced e' while the pulmonary vein flow is characterised by a decreased ratio of systolic to diastolic pulmonary venous flow. As the extent of diastolic dysfunction progresses, a reduced diastolic compliance of the LV is detected as well as an increasing in the LA pressure resulting in an increased pressure gradient from the LA to the LV at mitral valve opening. Thus, grade 2 diastolic dysfunction is present with an E/A ratio > 1 and a rapid deceleration slope. PV blood flood shows an increased diastolic phase and a reduced systolic phase. In addition, the increased resistance to LV filling results in an increase in the velocity and duration of atrial flow reversal. This is in contrast to the normal or grade 0 pattern, which is characterized by nearly equal systolic and diastolic PV flow velocities and reduced and short atrial reversal flow. Late in the disease course, a restrictive pattern of LV filling occurs with an increased E velocity and reduced A velocity, and shortened isovolumic relaxation time and DT. The increased ratio of peak flow velocity in early to late diastole is associated with elevated LV filling pressure. This approach can be seen in two cases, both men > 65 years presenting with shortness of breath on exertion. The first patient appears to have a normal filling pattern, which we may presume to be pseudonormal based on his age ( Figure 3 ). This is confirmed by the reversal of the E/A with preload reduction (Valsalva) and the tissue Doppler (e'< a'), with no definite evidence of elevated filling pressure and a normal-mild left atrial area. This pattern suggests very early signs of DD. In contrast, the second patient's E/A suggests restrictive filling (Figure 4) , which is confirmed to be reversible restriction with preload reduction (Valsalva). The high E/e' suggests a high filling pressure and the atrial area suggests that the left atrium has been exposed to high filling pressure for some time. This pattern suggests significant DD.
Invasive validation of Doppler
Doppler echocardiography does not measure diastolic function, but it does provide an estimate of filling pressure since many of the Doppler indices have been correlated with invasive direct measurements of left heart pressures and as such these Doppler indices are regarded as surrogates for filling pressure. The E/A ratio has been correlated with LVDP and mitral E wave deceleration time is negatively correlated with LV stiffness and filling pressures and associated with higher neurohormonal activity. [14] In a cohort of patients with coronary artery disease and EF < 50%, Yamamoto, et al. [15] found that E wave DT predicts LV filling pressures whereas it is inaccurate in patients with preserved systolic function. Despite the absence of atrial contraction, the interactions of the transmitral velocity with LA pressure in atrial fibrillation are similar to those observed in sinus rhythm and DT can then be used to predict LV filling pressure in both patients with systolic impairment or without systolic dysfunction. [16] The difference between AR dur and AR is correlated with LV filling pressure in patients and this relationship is observed in higher grades of diastolic filling abnormalities, regardless of EF. [15] These relationships are valid in AF where pulmonary capillary wedge pressure is negatively correlated with mitral deceleration time, IVRT and pulmonary deceleration time, [17, 18] and have been validated in patients with normal EF and mild systolic impairment [19] and evaluated under manipulated loading conditions. [20] 4 Why diastolic function matters?
Many of the elderly patients who present with HF are found with normal systolic function on presentation. This is widely referred to as heart failure with preserved ejection fraction (HF-PEF) and in the absence of coronary artery disease and other pathology the symptoms of patients presenting with HF-PEF are often attributed to DD. [21] Much interest in DD over recent years has possibly over-implicated DD as the pathophysiologic cause of heart failure symptoms and this is in part because many of the individual diastolic parameters have been shown to be predictive of outcome, independently of systolic function, in a wide variety of clinical settings. [22] Recording a normal filling pattern in patients with HF symptoms delineates a very good prognosis, whereas an abnormal diastolic function indicates patients with a higher risk of mortality, and this risk is seen to increase progressively as the diastolic function becomes worst. [23, 24] Some studies have reported an increasing mortality in patients with abnormal relaxation pattern after acute myocardial infarction. [25, 26] In a population of heart failure patients admitted to the hospital for exacerbation of symptoms, pseudonormal filling pattern was associated with hos-http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology pital admission rates and mortality similar to those seen with restrictive filling. [27] Severe diastolic impairment, or restrictive filling pattern, has been linked to a 2-fold increase in mortality in patients post acute myocardial infarction (AMI) independently of Killip class and LVEF. [24] Similarly, restrictive filling has been linked to prognosis in patients with HF regardless of age and LVEF. [28] Thus, diastolic function is not innocuous; when severe diastolic function is present in hospitalized elderly patients, the rate of cardiovascular and all-cause mortality is comparable to that observed in subjects with systolic dysfunction, and furthermore it provides independent and incremental prognostic information of all-cause mortality. [29] Tissue Doppler derived indices have also been linked to poor prognosis in other patient populations, for example, the mitral annulus velocity in e' provides incremental predictive power for cardiac mortality compared to clinical data and standard echocardiographic measurements in patients with impaired LV systolic function, [30] and contributes to a comprehensive risk stratification in hypertensive patients under treatment. [31] Furthermore, left ventricular diastolic pressure (LVDP) has been correlated with the ratio of early transmitral flow/early annulus velocity, and this last parameter was found to predict poorer survival after AMI independently of LVEF. [32] The prognostic power of E/e' has also been established in a cohort of patients without either systolic or diastolic dysfunction assessed with conventional echocardiographic tools. [33] Lastly, LA size is a powerful predictor of outcome in the general population, [34] and in a wide variety of cardiac diseases. [35, 36] Among HF patients, LA area demonstrates a strong association with mortality, even after adjustment for LVEF, DT, clinical symptoms and age, [37] and LA volume index predicts survival after AMI, providing prognostic information which is incremental to clinical data and standard evaluation of LV systolic function. [38] Patients with LV systolic dysfunction due to either ischemic or idiopathic dilated cardiomyopathy with a diastolic predominant pulmonary venous flow (defined by a systolic to diastolic peak velocity ratio < 1) are at higher risk of heart failure hospitalisations and death from end-stage heart failure, and moreover this blunted pulmonary venous flow had more prognostic power compared to reduced LVEF, older age and increased heart rate.
[39]
Physiology of the ageing heart
Just like many other tissues, myocardial histological changes do occur in the ageing heart. Myocyte loss due to apoptosis or necrosis has been detected, and this decrease in muscle mass is accompanied by a cellular hypertrophic response in the remaining myocytes. [40] The enlargement of cardiomyocites has been detected at autopsy in elderly patients who died without apparent cardiovascular disease and poor reaction of stem cells prevents adequate compensation for the myocyte damage, either caused by ageing or due to myocardial injury and ischemia. [41] Moreover, increased collagen and extracellular matrix deposition has been reported, along with a change in the collagen proprieties, mostly due to non-enzymatic cross-link. [42] This increased collagen turnover has been correlated with a worse diastolic filling pattern and subsequently with a poor prognosis in a cohort of patients with dilated cardiomyopathy, independently of LA size and LVEF. [43] This process is even associated with development of fibrosis, which is promoted by several mechanisms, many of which occur in patients with HF: higher hormonal and immune activation, mostly due to angiotensin II, aldosterone, and inflammatory cytokines, [44, 45] are considered to be the key factors in the progression of LV dysfunction and HF. Overall, these changes lead to an increased prevalence of LV hypertrophy and impaired relaxation, with lower elasticity and reduced ability to respond to pressure variation (compliance). [46] This hypertension-related LV hypertrophy and concentric remodelling of the LV finally leads to diastolic HF. Furthermore, age-related changes affect the whole cardiovascular system, with an increasing atherosclerotic process that involves arterial walls, which are thicker and stiffer. Arterial changes are easily assessed using carotid ultrasound scanning. With high-resolution systems, it is now possible to measure the intima-media complex of the carotid arterial wall. The extent of carotid intima-media thickness is an independent predictor of cardiac and cerebrovascular events, adding value in stratification of patients beyond assessment of traditional risk factors. [47] Increasing stiffness is responsible for the high pulse pressure (the difference between systolic and diastolic blood pressure values) that is detected in elderly hypertensive patients, which has been reported to have a possible additional prognostic role. [48] Moreover, the calcification process that could be considered one of the last effect of the pathway leading to fibrosis, affects the heart valves too, especially the aortic valve, which is often sclerotic or stenotic. A sclerotic aortic valve was found to be a significant predictor of carotid atherosclerosis, independently of other clinical and echocardiographic risk factors, [49] and it is associated with all-cause and cardiovascular mortality in a high cardiovascular risk population (type 2 diabetic patients). [50] Journal of Geriatric Cardiology | jgc@jgc301.com; http://www.jgc301.com
Assessment of diastolic function in the elderly
Age is a fundamental parameter when defining normal diastolic values and different cut-offs have to be considered. [2] With the increasing stiffness of the ageing heart, diastolic impairment can be detected. Age is strongly associated with diastolic velocity parameters and the mitral inflow velocity profile changes with a progressively decreased E wave, while the atrial contribution becomes more vigorous, [51] leading to an equalization of E and A velocities at approximately age 50 years and to a reversed E/A after that age and occurs independent of cardiovascular disease and other confounding physiologic variables. Deceleration time increases since a longer time is needed to accommodate blood volume during the diastole in a LV cavity with reduced compliance. Age was found to be the strongest independent determinant of LV filling in a large cohort of healthy volunteers. [52] LA filling is altered by many of the same variables that affect LV filling and a reduction in the diastolic filling phase and a compensatory increase in the systolic one can be detected with ageing. In addition, a more prominent atrial reversal is common in elderly patients. [53] TDI measurements have been reported to be age-dependent too: recently it has been documented a decrease of e' of approximately 1 cm/s per decade and an increase of E/e' of about 1 unit per decade in a cohort of asymptomatic patients referred for a routine echocardiography. This trend has been observed both in patients with and without LV hypertrophy due to hypertension and it suggests that different cut-off values should be used to assess diastolic dysfunction through tissue Doppler in elderly patients. [54] Some of the clinical conditions that are associated with DD are also frequently detected in elderly patients. [55] LV hypertrophy is common in the older population, since the high prevalence of hypertension, and hypertensive heart disease is the most common abnormality leading to diastolic heart failure. [56] DD occurs before the structural changes associated with hypertensive heart disease, [57] and regarding the molecular changes, there is evidence that the increasing collagen deposition that occurs with LV hypertrophy leads to passive structural changes which are detected in the stiff aged heart. [58] Atrial fibrillation is an age-related condition, [59] and it is correlated to many physiologic and pathologic factors which can be detected in DD, such as hypertension, [60] obesity, [61] and diabetes. [62] Up to 30% of patients with DD and new onset of HF symptoms are found to have atrial fibrillation, [63] and recently DD has been described to be a predictor of first documented non valvular atrial fibrillation in a cohort of elderly patients referred for echocardiography with the gradient of risk which is correlated with the severity of the DD itself. [64] The challenge comes for clinicians to differentiate what changes are anticipated from expected ageing of the heart from those associated with pathophysiological changes. In people over 65 years of age, some degree of myocardial stiffness may be anticipated and, therefore, an abnormal relaxation pattern (grade 1 diastolic dysfunction) could be expected. This has been described as "physiologic" by some and "normal for age" by others. However, this pattern (E/A < 1) should not be regarded as "normal" but perhaps more appropriately as "expected". An E/A > 1 would be unusual in this group and pseudonormal filling should always be considered. Recently, our group showed that in the setting of acute myocardial infarction in patients over 65, E/A > 1 was associated with worse prognosis. [65] 
Conclusions
Diastolic dysfunction is a common finding in elderly patients referred for echocardiography and is linked to many concomitant conditions that are also age-related. And whilst, an abnormal relaxation pattern should be anticipated in responses to normal ageing of the heart, more advanced diastolic filling rarely occurs in response to age alone and in patients over 65 years, E/A> 1 should always be considered abnormal. In large population studies, diastolic dysfunction has been consistently shown to be independently related to outcome and should be assessed irrespective of the patient's age. In large population studies, diastolic dysfunction has been consistently shown to be independently related to outcome and should be assessed irrespective of the patient's age.
